We studied seasonal variation of key metabolic regulators in the muscles of anurans that 21 experience drastic variation in environmental conditions and differ in the seasonal 22 activity patterns. 23 2 24 Abstract 25 Strongly seasonal environments pose challenges for performance and survival of 26 animals, especially when resource abundance seasonally fluctuates. We investigated the 27 seasonal variation of expression of key metabolic biomarkers in the muscles of three 28 species of anurans from the drastically seasonal Brazilian semi-arid area, Caatinga. The 29 three studied anuran species (Rhinella jimi, R. granulosa and Pleurodema diplolister) 30 differ in their seasonal activity patterns. We examined the expression of proteins 31 regulating energy turnover (AMP-activated protein kinase [AMPK] and protein kinase 32 B [AKT]), protein synthesis and homeostasis (total and phosphorylated eukaryotic 33 initiation factor 2α [eIF2α and p-eIF2α] and chaperone proteins [HSP 60, 70, and 90]) 34 in muscles related to reproduction and locomotion. Cytochrome c oxidase (COX) 35 activity was also assessed as an index of the muscle aerobic capacity. Our results point 36 to the importance of metabolic regulators mediating the muscular function during the 37 drastic seasonal variation. The toads that remain active during the drought appear to 38 maintain muscles through more energy extensive pathways including elevated protein 39 synthesis, while the aestivating species employs energy conservation strategy 40 suppressing protein synthesis, decreasing chaperone expression and increasing 41 expression of AMPK. All three studied species activate cell survival pathways during 42 the drought likely to prevent muscle atrophy, and maintain the muscle capacity 43 throughout the year, despite the resource limitation. These strategies are important 44 considering the unpredictability of the reproductive event and high demand on muscular 45 activity during the reproductive season in these amphibians. 3 47 Introduction 48 Strongly seasonal environments characterized by large changes in conditions 49 such as temperature and food availability, pose challenges to the organisms that need to 50 adjust their functions to survive and complete their life cycles [1, 2]. These 51 physiological adjustments are dependent on biochemical regulators and cell signaling 52 pathways that mediate cell survival, ensure cell and organ integrity and prioritize the use 53 of energy to meet the (often conflicting) needs of survival, growth and reproduction 54 [1,3]. In vertebrate ectotherms, the skeletal muscle physiology and performance are 55 directly related to the overall fitness due to the muscles' involvement in courtship, 56 territorial defense, foraging, escape from predators, mating interactions and migration 57 [4]. In seasonally fluctuating environments, skeletal muscles can display phenotypic 58 changes such as atrophy and changes in the fiber number and type during extreme 59 environmental stress and/or resource limitation [5]. Nevertheless, anuran species that 60 aestivate display little or no changes in muscle morphology and performance [6,7] 61 suggesting that species living in arid and semi-arid environments may have molecular 62 regulatory mechanisms supporting the muscle maintenance and functionality under the 63 unfavorable environmental conditions. 64 There is an extensive literature on physiological and biochemical adjustments 65 associated with metabolic depression in anurans from environments with strongly 66 seasonal and/or unpredictable climatic variation [8,1,2]. However, possible biochemical 67 adjustments displayed by anurans that remain active during the periods of severe 68 environmental stress and resource limitation are not well understood. Furthermore, 69 different locomotor muscles can display distinct reduction in cross-sectional area and 70 mechanical proprieties in aestivating anuran species and mammalian hibernators, 71
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Field collections 143 Field work was conducted at Fazenda São Miguel near the city of Angicos, in 144 the State of Rio Grande do Norte, Brazil (5º30'43"S. 36º36'18''W) . The area is in the 145 domain of Brazilian Caatinga, and is characterized by high temperatures. January is the 146 hottest month with an average temperature of 27.4ºC (minimum: 22.8ºC, maximum: 147 32.0ºC), and July is the coldest month, with an average temperature of 24.3ºC 148 (minimum: 20.3ºC, maximum: 28.3ºC) (http://pt.climate-data.org/location/312354/). 149 The annual average temperature from 1950 to 2000 is 26.6 ºC (worldclim.org) and there 150 are two distinct seasons: a rainy season (January to April, 96.4 mm of 151 precipitation/month) and a dry season (August to November, 2.5 mm of 152 precipitation/month). The intermediate months of June, July and December can be 153 considered dry or rainy depending on the extent of drought in the specific year. In 154 response to the challenges of the dry season, anurans from this locality have adopted 155 different behavioral strategies. R. granulosa and R. jimi remain active, foraging close to 156 humid areas and artificial water sources [14] , while Pleurodema diplolister aestivate in 157 the sandy soil under the beds of temporary rivers [12] . For this study, animals were 158 collected during two different periods in 2015: (A) during the reproductive season 159 (March, 5-12 th , 2015) ; (B) during the dry season (August, 10-16 th , 2015) . 160 During the reproductive period, males of R. granulosa (N = 13), R. jimi (N = 11) 161 and P. diplolister (N = 16) were located by visual inspection. During the dry period, 162 males of R. granulosa (N = 6), R. jimi (N = 7) were found by visual inspection, and P. 163 diplolister (N = 8) was found by excavating the known burrowing sites in the sandy 164 soil. Anurans were collected and individually maintained in plastic containers with 165 access to water, except the individuals of P. diplolister collected during the dry period, 166 which were maintained in plastic containers filled with humid sand collected in the 167 location they were found. After two days, animals were weighted (to the nearest 0.01g) 168 and euthanized with an injection of sodium thiopental solution (25 mg/ml) 169 (Thiopenthax) while kept in an ice-cold dry bath. The muscles (plantaris from the 170 posterior limb, flexor from anterior limbs, larynx and trunk) were rapidly dissected. 171 Muscle samples were either immediately frozen in liquid nitrogen (for immunoblotting 172 analyses), or incubated for 1 to 2 minutes in a cryopreservation medium (10 mM 173 EGTA, 1.3 mM CaCl 2 , 20 mM imidazole, 20 mM taurine, 49 mM K-MES, 3 mM 174 K 2 HPO 4 , 9.5 mM MgCl 2 , 5 mM ATP, 15 mM phosphocreatine, 10 mg/ml fatty acid-7 175 free BSA, 20% glycerol, pH 7.1) [26] TBST for one hour at the room temperature. After washing off the secondary antibody, 208 the proteins were detected using enhanced chemiluminescence according to the 209 manufacturer's instructions (Amersham Biosciences, Pierce, Rockford, IL, USA). The 210 signals were captured on X-ray film and relative optical density of protein bands was 211 digitalized with an image analysis software (Gel Doc EZ Imager, Bio-Rad, Hercules, 212 CA, USA) and quantified using Image Lab TM software (Bio-Rad Laboratories Inc.,
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Hercules, CA, USA). The loading order of samples in the gels was randomized. The 214 protein loads per lane were identical for all muscle types and for both studied seasons 
Measurements of cytochrome c oxidase capacity 231
Cryotubes containing the frozen plantaris or trunk muscles were incubated for 232~ 2 min at 35ºC until the cryopreservation medium was completely thawed. The muscle 233 fibers were immediately washed in ice-cold medium containing 120 mM KCl, 10 mM 234 NaCl, 2 mM MgCl 2 , 2 mM KH 2 PO 4 , 20 mM HEPES, 1mM EGTA Ca-free, 10µg mL -1 235 PMSF and homogenized in 1-2 ml of the same media with several passes of a Potter- Total AMPK showed higher expression during the dry period compared to the 274 reproductive period in all studied muscle types of R. jimi (larynx -F 1,6 = 0.25, P = 275 0.001; trunk -F 1,12 = 0.68, P = 0.001; flexor -F 1,9 = 0.13, P = 0.04; plantaris -F 1,12 = 276 0.65, P = 0.003) (Fig 1) . A similar trend was seen in P. diplolister, albeit it was only 277 significant in the plantaris muscle (F 1,10 = 0.14, P = 0.002) ( Fig 1C) . R. granulosa 278 displayed similar AMPK expression levels across the two studied seasons in all muscle 279 types (Flexor: F 1,8 = 2.74, P = 0.14; trunk: F 1,12 = 0.84, P = 0.38; plantaris: F 1,12 = 0.34 280 P = 0.57). When compared within the same season, AMPK levels in different muscle 281 types were similar within R. jimi and R. granulosa (P > 0.05, Table 1 ). In P. diplolister, 282 AMPK levels were similar in different muscle types during the dry period (Table 1) .
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During the reproductive period, trunk muscles of P. diplolister showed higher AMPK Expression of the protein kinase B (AKT) tended to be higher during the dry 300 period in all studied species and muscle types (except flexor for all species and the 301 larynx of R. jimi; Fig 1E-H) . This trend was significant in the larynx muscles from P. 302 diplolister (F 1,8 = 0.58, P = 0.001), the trunk muscles from R. granulosa and P. 303 diplolister (F 1,7 = 1.55, P = 0.002; F 1,6 = 0.79, P = 0.006), and the plantaris muscle from 304 all three studied species (R. granulosa -F 1,7 = 0.24, P = 0.03; R. jimi -F 1,6 = 0.25, P = 305 0.001; P. diplolister -F 1,11 = 1.21, P = 0.002) ( Fig 1E-G) . There were no significant 306 differences of AKT expression between seasons in the flexor muscle in the three studied 307 species (R. granulosa -F 1,6 = 3.57, P = 0.11; R. jimi -F 1,8 = 0.19 , P = 0.68; P. diplolister -F 1,4 = 5.58, P = 0.08). AKT levels were the same across different muscle 309 types when compared within the same season in all three studied species (P > 0.05, 310 Table 1 ).
311
Protein homeostasis 312 Total expression levels of the eukaryotic initiation factor 2α (eIF2α) were lower 313 during the dry period than in the reproductive period in the larynx and flexor muscles 314 from P. diplolister (F 1,7 = 0.079, P = 0.016; F 1,4 = 0.110, P = 0.04) (Fig 2A-D) , and in 315 the trunk and plantaris muscles from R. granulosa (F 1,14 = 1.06, P = 0.002; F 1,12 = 0.132, 316 P = 0.02) (Fig 2A-D) . In all other muscle types (including the trunk and plantaris of P. Phosphorylated eukaryotic initiation factor 2-α (p-eIF2α) showed lower 338 expression during the dry period in trunk, flexor and plantaris muscles (F 1,13 = 0.94, P = 339 0.003; F 1,9 = 0.23, P = 0.006; F 1,10 = 0.47, P = 0.004, respectively) ( Fig 2E-H) , but not in 13 340 the larynx from R. jimi (F 1,4 = 3.52, P = 0.13). In contrast, p-eIF2α levels were elevated 341 in the muscles of P. diplolister during the dry period compared to the reproductive one 342 (Fig 2E-H) , and this trend was significant in the trunk (F 1,6 = 0.30, P = 0.003) and 343 marginally significant in the flexor muscle (F 1,1 = 83.38 P = 0.069) but not in the larynx 344 (F 1,8 = 0.673, P = 0.436) or plantaris (F 1,12 = 0.506 P = 0.49). Notably, p-eIF2α levels 345 were below the detection limit in all muscles from R. granulosa during the dry period 346 (at 50 µg of total protein per lane) (Fig 2E-H) . Comparisons between different muscle 347 types within each species and each study season showed similar p-eIF2α expression 348 among different muscle types in R. jimi and R. granulosa during the dry and 349 reproductive periods, and in P. diplolister during the reproductive period (Table 1) .
350
However, during the dry period the trunk muscle of P. diplolister had significantly 351 higher levels than flexor and plantaris, and levels of p-eIF2α in the plantaris tissue was 352 below that in all other studied muscle types (Table 1, S3D Fig) .
353
The ratio of p-eIF2α to total eIF2α levels was lower during the dry period in all 354 muscle types of R. granulosa (reflecting the non-detectable levels of p-eIF2α during the 355 dry period) and in the flexor and plantaris muscles R. jimi (F 1,3 = 0.518, P = 0.02; F 1,4 = 356 0.257, P = 0.034), but not P. diplolister (P > 0.05) (Fig 2I-L) . The ratio of p-eIF2α to 357 total eIF2α did not significantly vary among the different muscle types when compared 358 within the same season in P. diplolister and R. granulosa (Table 1) (Table 1) .
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Heat shock protein 60 (HSP60) showed lower expression during the dry period 363 in the flexor from R. jimi (F 1,11 = 1.12, P = 0.001), and in the larynx and trunk of P. 364 diplolister (F 1,7 = 0.33, P = 0.047; F 1,8 = 0.11, P = 0.008) ( Fig 3A-D) . In all other studied 365 tissue/species combinations, no significant differences in HSP60 levels were found 366 between the reproductive and dry periods (P > 0.05). Notably, the trunk muscles of R. the trunk muscle of R. jimi were similar to that in the larynx and flexor while HSP60 370 levels in the plantaris muscle were higher than in the larynx and flexor (Table 1; 371 Bonferroni P = 0.052) (S4B Fig). In P. diplolister, HSP60 were similar among different 372 muscle types within each respective studied season (P > 0.05). Heat shock protein 70 (HSP70) showed lower expression during the dry period 384 compared to the reproductive season in the larynx and trunk of P. diplolister (F 1,9 = 385 0.42, P = 0.03; F 1,13 = 0.191, P = 0.02) ( Fig 3E-H) . Similarly, the trunk muscles of R. 386 jimi had lower HSP70 levels during dry period compared to the reproductive one (F 1,7 = 387 0.19, P = 0.02). The flexor muscle of R. jimi showed higher HSP70 expression during 388 the dry period (F 1,6 = 10.27, P = 0.019), while larynx displayed similar HSP70 389 expression along the year (F 1,5 = 2.05, P = 0.21) (Fig 3E-H) . R. granulosa's trunk 390 muscles (but not the plantaris, flexor or larynx) showed higher HSP70 levels during the 391 dry period compared to the reproductive season (F 1,8 = 8.35, P = 0.02) ( Fig 3E-H) .
392
Within each species and study season, only R. jimi showed differences in HSP70 levels 393 among different muscle types during the reproductive season, with the highest levels in 394 the trunk and the lowest levels in the plantaris muscle (Table 1; 
396
Heat shock protein 90 (HSP 90) showed lower expression during the dry period 397 compared with the reproductive period in the larynx and flexor muscles of R. jimi (F 1,8 398 = 0.27, P = 0.007; F 1,11 = 0.37, P = 0.001) and in the trunk muscles from P. diplolister 399 (F 1,1 = 1.02, P = 0.03; F 1,6 = 0.44, P = 0.042) (Fig 3I-L) . In contrast, in the plantaris 400 muscle of R. jimi lower levels of HSP90 were found during the reproductive period 401 compared with the dry one (F 1,2 = 0.13 P = 0.045). HSP90 could not be detected in R. Table 1 ). In all other studied species/season combinations, no significant 408 differences in HSP90 levels were found between different muscle types (P > 0.05).
409
Aerobic capacity 410 Activity of cytochrome c oxidase (COX), which can serve as a marker of the 411 mitochondrial density and thus aerobic capacity of the tissue, was higher in the trunk 412 and plantaris muscles of R. jimi compared to R. granulosa and P. diplolister (F 2,22 = 413 7.000, P = 0.005 and F 2,43 = 9.616, P = 0.001, for the dry and the reproductive period 414 respectively) (Fig 4) . Notably, COX activity tended to be lower in the trunk muscle than 415 in the plantaris muscle across the species during the dry period (by 40-45% in R. (dis)assembly [39] . Suppression of the protein synthesis is a common energy-saving 470 mechanism in estivating species [38] and has been observed in desert amphibians 471 Neobatrachus centralis [40] and in estivating snails Otala lactea [41, 42] . Earlier studies 472 on estivating frogs (Cyclorana alboguttata) showed that muscles are protected against 473 atrophy during prolonged (9 months) estivation with no decline in muscle mass, cross-474 sectional area or fiber number [7] . Our study in P. diplolister suggests a possible 475 mechanism for this protection involving the coordinated suppression of the protein 476 synthesis to conserve energy reserves and activation of the cell survival pathways to 477 prevent loss of the muscle cells.
478
The protein synthesis was activated during the dry period in the muscles of R. The higher expression of HSPs in the muscles trunk of P. diplolister during the 536 reproductive period might be attributed to the stress caused by the exercise from calling 537 behavior and high steroid receptor expression levels [56, 57, 58] . Calling is a highly 538 energetic demanding aerobic exercise for anuran males [59, 48] , and calling effort is 539 positively correlated with plasma levels of androgens and corticosterone [60, 65, 66] . considering they also display high steroid levels during the reproductive season.
546
Overall, HSP levels of in the muscle tissues in the two anurans species that are year-547 round active showed relatively little variation and no consistent pattern of seasonal 548 change between different muscle types. This indicates the lack of strong unfolded 549 protein response and thus maintenance of the protein homeostasis during the period of 550 reproductive activity as well as during times of resource limitation in these species.
551
Conclusions and perspectives 552 The differential responses of the cell signaling and stress response pathways 553 found in the muscles of the three studied species of desert anurans reflect differences in 554 their life habit and activity levels as well as the common need to maintain the muscle 555 capacity in an extremely seasonal environment of the Caatinga. Activation of the cell 556 survival pathways is the most consistent response in the muscles of all three studied 557 species during the dry period likely playing a role in preventing muscle atrophy during 558 the resource limitation. Expression of the regulators of protein homeostasis (including 559 chaperones and regulators of the protein synthesis) reflect different levels of resource 560 limitation, so that the less resource-limited active species upregulate protein synthesis 561 and maintain high levels of chaperones during the dry periods in the muscle while a 562 severely resource-limited aestivating species shuts down the protein synthesis to 563 conserve energy. Contrary to our prediction, we did not observe differential metabolic 564 regulation or trade-off between the reproductive and locomotor muscles. Future studies 20 565 are needed to determine whether the muscle maintenance during the dry period is 566 prioritized over that of other tissues and whether potential trade-offs exist between the 567 support of the muscle capacity throughout the year and other fitness-related functions in 568 desert frogs.
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